Japan tsBN462 cells, which have a point mutation in CCG1/ TAF II 250, a component of TFIID complex, arrest in G1 at the nonpermissive temperature of 39.58C. Overexpression of D-type cyclins rescued the cell cycle arrest of tsBN462 cells, suggesting that the cell cycle arrest was through Rb. Consistent with this, overexpression of E2F-1, whose function is repressed by the hypophosphorylated form of Rb, also rescued the cell cycle arrest. Moreover, expression of the viral oncoproteins SV40 large T antigen and HPV16 E7, which both bind Rb and inactivate its function, rescued the cell cycle arrest, whereas HPV16 E6 did not. Mutation of the Rb-binding motif in E7 abrogated its ability to rescue the cell cycle arrest. Expression of exogenous cyclin D1, SV40 large T antigen or CCG1/TAF II 250 increased cyclin A expression at 39.58C. Coexpression of HPV16 E7 and adenovirus E1b19K, which blocks apoptosis, rescued the proliferation of tsBN462 cells at 38.58C. To investigate the mechanism underlying the lack of cyclin D1 expression, deletion analysis of cyclin D1 promoter was performed. The 0.15 kbp cyclin D1 core promoter region, which lacks any transcription factor binding motifs, still exhibited a temperature-sensitive phenotype in tsBN462 cells suggesting that CCG1/TAF II 250 is critical for the function of the cyclin D1 core promoter.
Introduction
Growth control is critical for normal well-coordinated cell growth and dierentiation in metazoans. Cell growth in tissues is regulated by growth factors and inhibitors, as well as by cell-cell and cell-matrix interactions. Somatic cells stop growing under unfavorable circumstances such as UV irradiation or exposure to environmental toxins. Growth arrest occurs mainly in the G1 phase of the cell cycle. Cell cycle arrest occurs through downregulation of the cyclin D/Cdk kinase activities responsible for Rb phosphorylation either by repression of D-type cyclin expression or upregulation of cyclin/Cdk kinase inhibitors (Sherr, 1993) . Cyclin/Cdk kinase inhibitors in both the p21 and p16 families modulate cyclin D/ Cdk kinase activities (Hunter and Pines, 1994; Sherr, 1996; Sherr and Roberts, 1995) .
tsBN462 is a temperature-sensitive hamster BHK21 cell mutant (Nishimoto et al., 1982) . tsBN462 is in same complementation group as ts13, an independently isolated BHK cell mutant and both have an identical Gly690Asp point mutation in CCG1/TAF II 250 (Hayashida et al., 1994) . CCG1/TAF II 250 is a key component of the TFIID complex, which is required for RNA polymerase II dependent transcription (Hisatake et al., 1993; Ruppert et al., 1993) ; CCG1/TAF II 250 has both protein kinase and acetyltransferase activities (Dikstein et al., 1996; Mizzen et al., 1996) . At the restrictive temperature of 39.58C, tsBN462 cells arrest in G1 (Sekiguchi et al., 1987) and subsequently undergo apoptosis (Sekiguchi et al., 1995) . Previously, we showed that D-type cyclin expression is decreased and p21 and p27 expression is increased in tsBN462 cells at 39.58C (Sekiguchi et al., 1996) . This phenotype is similar of that of UV-irradiated cells arrested in G1, suggesting that CCG1/TAF II 250 is a key player in coordinating G1 phase cell cycle arrest. Similar results were reported recently in mammalian cells (Rushton et al., 1997; Suzuki et al., 1997) and in yeast cells (Walker et al., 1997) .
TFIID is a complex composed of the TATA-binding protein (TBP) and at least eight TBP-associated factors (TAFs) (Dynlacht et al., 1991; Kokubo et al., 1993; Tanese et al., 1991) . TFIID plays a role in transducing the activation signal from upstream regulatory proteins to the basal machinery by directly interacting with transcriptional activators (Verrijzer and Tjian, 1996) . Consistent with an important role for CCG1/TAF II 250 in G1 progression, a temperature-sensitive mutation in yTAF II 145, the homolog of CCG1/TAF II 250 in budding yeast, also causes cell cycle arrest in G1 at the restrictive temperature (Moqtaderi et al., 1996; Walker et al., 1996) .
In this study, we show that overexpression of cyclin D1 prevented the cell cycle arrest of tsBN462 cells at the nonpermissive temperature of 39.58C as judged by FACScan analysis and cell proliferation analysis. Overexpression of E2F-1 also rescued the cell cycle arrest, presumably by bypassing inactivation of E2F-1-dependent transcription by Rb. Overexpression of the DNA virus oncoproteins SV40 large T antigen and human papilloma virus (HPV) 16 E7 also rescued the cell cycle arrest. HPV16 E7 binds Rb and p21 cip1/waf1/sdi1 and inactivates their inhibitory activities towards E2F-induced gene expression and cyclin/Cdk kinase activity.
Cyclin D1 expression was increased by CCG1/ TAF II 250 in a dose-dependent manner. Cyclin D1 promoter analysis indicated that a sequence around the transcriptional start site was critical for tsBN462 CCG1/TAF II 250 mutation.
Results
Rescue of tsBN462 G1 cell cycle arrest by D-type cyclins Previously, we showed that D-type cyclin (cyclin D1 and D3) expression was decreased and that p21 cip1/waf1/sdi1 and p27 kip1 expression was increased in tsBN462 cells at the nonpermissive temperature of 39.58C; in combination these events would be expected to preclude Rb phosphorylation and thereby cause cell cycle arrest (Sekiguchi et al., 1996) . In the same report, we observed that the underphosphorylated form of Rb was increased in tsBN462 cells at 39.58C. Here, we show that overexpression of D-type cyclins prevented cell cycle arrest in tsBN462 cells at 39.58C, con®rming our previous results. To achieve high expression of cyclin D1, we transiently transfected tsBN462 cells with tetracycline-repressible expression vectors for human and mouse D-type cyclins and an expression vector for the surface reporter protein CD20. In the absence of tetracycline, cyclin D1 and D3 expression was induced in the transfected cells. FACScan analysis showed that overexpression of human cyclin D1, mouse cyclin D1 and mouse cyclin D3 all resulted in an increase in the S phase population of the CD20 positive tsBN462 cells in the absence of tetracycline (Tet7) (Table 1-I). The same eect was observed when human cyclin D1 under the control of the early SV40 promoter was transfected into tsBN462 cells in two experiments (Table 1-II) .
To see if the accumulated S phase cells represented cells undergoing DNA replication or cells arrested in S phase, we labeled cells with BUdR for 2 h after 22 h at 39.58C, and then ®xed and stained with FITC-labeled anti-BUdR monoclonal antibodies. We then examined if transfected cells had FITC-staining nuclei using ā uorescence microscope. Since exponentially growing cultures of tsBN462 cells ceased to replicate DNA after incubation for 15 h at 39.58C (Sekiguchi et al., 1995) , few tsBN462 cells incorporated BUdR after 20 h at 39.58C. In contrast, a signi®cant number of cells transfected with the cyclin D1 expression vector underwent DNA replication at 39.58C as detected by BUdR incorporation, consistent with the increase in S phase population observed by FACScan analysis ( Figure 1a) . As a control, tsBN462 cells that were Experiment I: tsBN462 cells were transiently transfected with an expression vector for Tet-human cyclin D1, Tet-mouse cyclin D1, Tet-mouse cyclin D3, HPV16 E6, HPV16 E7, or pCDEB control vector (vector) and an expression vector for CD20 by the calcium phosphate method and transfected cells were incubated at 39.58 for 20 h. tsBN462 cells transfected with the HPV E6 expression vector were harvested after growth at 33.58C, or growth at 39.58C for 10 or 20 h as indicated. Cells were then processed for FACScan analysis as described in Materials and methods. For tetracycline repressible vectors, tsBN462 cells were cultured either in the presence of Tetracycline (+) or in the absence of Tetracycline (7) after transfection as described previously (Sekiguchi and Hunter, 1998) . Experiment II: tsBN462 cells were transiently transfected with an expression vector for human cyclin D1, E2F-1, SV40 large T antigen (SVLT), Cdk4, cyclin D1+Cdk4, CCG1/TAF II 250 or pCDEB control vector (vector) and an expression vector for CD20 and processed as described above transfected with vector DNA alone did not incorporate BUdR at 39.58C (Figure 1g ), whereas tsBN462 cells incorporated BUdR at the permissive temperature of 33.58C (Figure 1f ).
To con®rm this result in a quantitative manner, we examined the relationship between the level of cyclin D1 protein and BUdR incorporation in transfected cells by FACScan analysis. For this purpose, tsBN462 cells transfected with the cyclin D1 expression vector were incubated at 39.58C for 22 h, and labeled with BUdR for 2 h. Cells were ®xed with methanol, stained with rabbit anti-cyclin D1 and mouse anti-BUdR antibodies and then incubated with secondary antibodies (anti-mouse FITC (FL1 fraction) and antirabbit RPE (FL2 fraction) antibodies), and analysed by FACScan. Cells that expressed a high level of cyclin D1 incorporated BUdR signi®cantly (8.4% in upper right region of Figure 2a ), whereas cells expressing PCNA or vector DNA alone did not (51% in the upper right regions of Figure 2d and f). tsBN462 cells grown at 33.58C expressed a higher level of endogenous cyclin D1 and showed a higher level of BUdR incorporation (1.04%) than cells grown at 39.58C (0.4%) (Figure 2e and f). Cyclin D1 binds Cdk4 and is required for Cdk4 kinase activity. Whereas Cdk4 alone did not rescue the cell cycle arrest of tsBN462 cells at 39.58C ( Figure 2b , and Table 1-II), coexpression of cyclin D1 and Cdk4 together enhanced incorporation of BUdR in terms of intensity slightly (Figure 1b) , and increased the S phase population in FACScan analysis (from 12.8% (cyclin D1) to 19.3% (cyclin D1 plus Cdk4) in S phase population) ( Table 1-II) . The stimulatory eect of Cdk4 was relatively modest, and was not observed in every experiment. The increases in S phase population induced by expression of cyclin D1 alone or cyclin D1 plus Cdk4 were comparable to the increase in S phase population induced by CCG1/TAF II 250 (Table 1-II) . The transfection eciency of tsBN462 cells using lipofectamine was estimated to be more than 30% based on the percentage of cyclin D1 positive cells (33.4% in the upper regions of Figure 2a ). These results suggest that tsBN462 cell cycle arrest could be accounted for by decreased expression of cyclin D1 resulting from the CCG1/TAF II 250 mutation.
Rescue of tsBN462 G1 cell cycle arrest by E2F-1 and by the SV40 large T antigen and HPV16 E7 viral oncoproteins D-type cyclins in combination with Cdk4 or Cdk6 inactivate Rb through phosphorylation, which results in release of E2F and activation of E2F-dependent transcription and cell cycle progression. To test whether activation of E2F would be sucient to override the tsBN462 cell cycle arrest, we transfected tsBN462 cells with an E2F-1 expression vector. E2F-1 rescued the cell cycle arrest (Table 1-II) . Expression of SV40 large T antigen, which binds and inactivates Rb, also rescued the cell cycle arrest at 39.58C (Table 1-II; Figure 1c ). Since SV40 large T antigen also binds and inactivates p53, we determined whether its ability to override the G1 arrest is due to inactivation of Rb or p53 by expressing the HPV16 oncoproteins E6 and E7 separately in tsBN462 cells. E6 binds p53 and leads to its degradation, whereas E7 binds and inactivates Rb, and also binds and inactivates the Cdk inhibitors p21 cip1/waf1/sdi1 and p27 kip1 . E7 expression prevented the cell cycle arrest at 39.58C (Table 1-I; Figure 1d ), whereas tsBN462 cells transfected with E6 showed cell Figure 1 Cell proliferation analysis in tsBN462 cells overexpressing cyclin D1, SV40 large T antigen, and HPV16 E6 and E7. tsBN462 cells were transiently transfected with expression vectors for cyclin D1 (a), cyclin D1 plus Cdk4 (b), SV40 large T antigen (c), HPV16 E7 (d), HPV E6 (e) using lipofectamine and incubated for 17 h at 33.58C on cover slides. Cells on cover slides were transferred to 39.58C for 22 h and were then exposed to the BUdR labeling solution of the cell proliferation kit (Amersham) for 2 h at 39.58C. tsBN462 cells transfected with pCDEB vector grown on cover slides at 39.58C for 22 h (g) were included in the experiment, and were labeled with BUdR at 39.58C. Untransfected tsBN462 cells grown on dishes at 33.58C were labeled with BUdR at 33.58C (f). Cells were ®xed with methanol and incubated with FITC-conjugated anti-BUdR antibody, and then photographed using a¯uorescence microscope (Leica) cycle arrest after 10 h at 39.58C (Table 1-I; Figure 1e ), suggesting that the rescue by SV40 large T antigen requires inactivation of Rb but not p53. To con®rm the involvement of Rb in the tsBN462 cell cycle arrest at the nonpermissive temperature of 39.58C, we tested whether the E7 Rb-binding motif is required for this eect. For this purpose, Cys24 and Glu26 were mutated to Ala in the E7 Rb binding motif (L-X-C 24 -X-E 26 ). HPV16 E7 harboring point mutations in the Rb binding region or lacking residues 1 ± 35 failed to prevent the cell cycle arrest at 39.58C (Table 2) .
FACScan analysis revealed increased S phase and decreased G1 phase populations only in cells expressing wild type E7 (Table 2 ). Since the cell cycle arrest was prevented by genes that inactivate Rb function, our results suggest that the cell cycle arrest in tsBN462 cells at 39.58C involves Rb.
To prove that restoration of DNA synthesis in tsBN462 cells at the restrictive temperature observed in transient assays re¯ected true proliferation, we established stable cell lines expressing HPV16 E7 and adenovirus E1b19K at 33.58C. We coexpressed E1b19kK, because we previously observed that E1b19K eectively protected cells from undergoing apoptosis at the restrictive temperature (Sekiguchi et al., 1995) . Clones 1 and 2 expressing both E7 and E1b19K were able to proliferate and form colonies at 38.58C, whereas control clones 3 and 4 containing pCDEB vector alone did not. We used 38.58C rather than 39.58C as the growth temperature, because clones 1 and 2 grew well at 38.58C, but very poorly at 39.58C (tsBN462 cells harboring pCDEB stopped growing as quickly at 38.58C as at 39.58C as shown in Table 3 ). FACScan analysis revealed that clones 1 and 2 expressing E7 and E1b19K had larger S phase populations (30.5% and 19.1%) than clones 3 and 4 (1.6% and 1.4%) at 38.58C for 20 h (Table 3) . Neither HPV16 E7 nor adenovirus E1b19K alone allowed tsBN462 cells to proliferate at 38.58C (data not shown), suggesting that CCG1/TAF II 250 controls several genes involved in cell cycle progression and/or apoptosis.
Rb binds E2F and inhibits transcription of E2F-dependent genes, including cyclin A. To see if the genes that prevented cell cycle arrest at 39.58C are able to rescue cyclin A expression, we cotransfected expression vectors for cyclin D1, SV40 large T antigen, wild type CCG1/TAF II 250 or Gly690Asp mutant CCG1/TA-F II 250 with a cyclin A promoter reporter gene construct into tsBN462 cells. Cyclin D1, SV40 large T antigen and wild type CCG1/TAF II 250 all partially rescued cyclin A expression whereas mutant CCG1/ TAF II 250 did not (Figure 3 ).
Minimum region of cyclin D1 promoter needed for temperature sensitive phenotype
To investigate the role of CCG1/TAF II 250 in cyclin D1 expression, the eect of CCG1/TAF II 250 expression on cyclin D1 promoter activity was assayed using a cyclin D1 promoter-luciferase reporter gene containing 1.2 kbp of 5'¯anking sequence at 39.58C (Figure 4) . To normalize for transfection eciency, a ras-bgalactosidase expression vector was cotransfected. With increasing doses of CCG1/TAF II 250, a modest increase in cyclin D1 promoter activity was observed, suggesting that CCG1/TAF II 250 may control cyclin D1 expression directly.
To de®ne which elements in the cyclin D1 promoter are critical for the loss of cyclin D1 expression in tsBN462 cells at the restrictive temperature, a set of 5' truncated deletion clones, containing 799 bp (D-658), 450 bp (D-309) and 325 bp (D-184) of 5'¯anking sequence from the cyclin D1 promoter respectively, were constructed. A temperature dependent decrease of luciferase activity was still observed with the D-184 (Sekiguchi et al., 1995) and the pCDEB vector (hygromycin resistance) or the pCDEB vector only. Hygromycin resistant colonies were isolated at 33.58C and were analysed for their growth at 38.58C by FACScan analysis. Cells were incubated at 33.58 or 38.58C for 20 h and were ®xed with methanol and stained with propidium iodide and were analysed by FACScan as described in Materials and methods
Figure 3
Rescue of cyclin A promoter activity by overexpression of cyclin D1, SV40 large T antigen and wild type but not mutant hamster CCG1/TAF II 250. Six dishes of tsBN462 cells were transiently transfected with expression vectors for cyclin D1, SV40 large T antigen, wild type or mutant CCG1/TAF II 250 or pCDEB control vector (vector) and a cyclin A promoter luciferase reporter construct for 17 h. Three dishes were then shifted up to 39.58C, while three dishes were maintained at 33.58C for 24 h. Cells were processed to assay luciferase activity as described in Materials and methods. The ratios of the luciferase activities at 39.58C and 33.58C were measured and plotted promoter construct, which retains an Sp1 binding site, a CRE and an initiator (Inr)-type transcription start site element ( Figure 5a) . As a control, we transfected BHK21 cells with the same constructs and detected similar amounts of luciferase activity at 39.58C and at 33.58C. To determine whether the upstream or downstream part of the D-184 promoter region is responsible for the temperature sensitivity, we assayed reporter gene constructs containing the Inr and either the upstream or downstream sequences (Figure 5b ). Both the Inr start site and downstream promoter elements (3', nucleotides 720 to +140) and the Inr with the upstream promoter elements (SpIn, nucleotides 7184 to +9) had temperature-sensitive promoter activity in tsBN462 cells. Thus, the minimal region that is responsible for temperature-sensitivity is the Inr transcription start site region within this 0.3 kbp, where the TFIID complex including TBP and CCG1/ TAF II 250 may bind during transcription. To test whether another minimal promoter behaves similarly or dierently to the cyclin D1 promoter in tsBN462 cells, we analysed the SV40 early region promoter. In contrast to the cyclin D1 minimal promoter (Figure 5b ), TI(NcoI), which contains the SV40 early promoter TATA box and downstream sequence fused to a b-galactosidase reporter gene, did not show temperature sensitive promoter activity in tsBN462 cells (Figure 6 ). Moreover, SpTI, which contains three Sp1 sites in addition to TATA box and downstream sequence fused to a b-galactosidase reporter gene, showed increased activity at 39.58C in both BHK21 and tsBN462 cells, again in contrast to the Sp1 site containing SpIn cyclin D1 promoter fragment, which had decreased activity in tsBN462 cells at 39.58C. Finally, the SV40 late promoter, which lacks a TATA box but has a well-characterized Inr element, showed decreased activity in tsBN462 cells at 39.58C compared to 33.58C (ratio 0.25), but not in BHK21 cells (ratio 0.85) (data not shown). We have not dissected which region of this promoter is responsible for the temperature sensitivity, but it is possible that this is also a property of the Inr. These results suggest that CCG1/TAF II 250 plays a speci®c role cyclin D1 promoter activity and may play a more general role in Inr function.
Discussion
Previously, we showed that D-type cyclin expression is reduced and that expression of the p21 and p27 cyclin/ Cdk inhibitors is increased in tsBN462 cells at the restrictive temperature of 39.58C, where tsBN462 cells arrest mainly at G1 phase. Here we showed that overexpression of D-type cyclins rescued cell cycle arrest of tsBN462 cells at 39.58C, implying that reduced D-type cyclin expression as a result of the CCG1/TAF II 250 mutation in tsBN462 cells is one factor responsible for the cell cycle arrest. Overexpression of cyclin D1 may also result in sequestration and inactivation of the elevated levels of p21 and p27 through binding to cyclin D/Cdk4 complexes.
It is clear that the Gly690Asp temperature sensitive mutation in CCG1/TAF II 250 selectively in¯uences the transcription of speci®c genes in tsBN462/ts13 cells. Which of these genes is aected directly? Heat treatment of ts13 cell nuclear extracts diminishes transcription from the cyclin D1 promoter in vitro in a manner that can be rescued by TFIID (Rushton et al., 1997; Suzuki et al., 1997) indicating that cyclin D1 transcription is directly aected by this mutation in CCG1/TAF II 250. Analysis of what element(s) in the cyclin D1 promoter, which lacks a TATA element but contains an Inr element (MuÈ ller et al., 1994) , requires CCG1/TAF II 250 function has suggested that the CRE sequence between 778 and 729 might be one such element (Rushton et al., 1997; Suzuki et al., 1997) , but this does not rule out the possibility that multiple cyclin D1 promoter elements are involved. Our data are compatible with the possibility that the cyclin D1 CRE might be a target for CCG1/TAF II 250, since the cyclin D1 promoter fragment containing the Sp1 and CRE elements showed temperature sensitivity in transfected cells (Figure 5b ). AP1 is reported to bind the CRE site in the cyclin D1 promoter region (Herber et al., 1994) , but gel shift analysis showed that the amount of proteins bound to the CRE site did not change in tsBN462 cells upon temperature-shift (data not shown), suggesting that a CRE CCG1/TAF II 250 interaction is not one of the factors responsible for the decrease in cyclin D1 expression at a nonpermissive temperature. Moreover, although Rushton et al. (1997) and Suzuki et al. (1997) concluded that the seruminduced transcription of the cyclin D1 core promoter region (D-29) was temperature independent in synchronized ts13 cells, our data suggest that this region may also be in¯uenced by CCG1/TAF II 250 function, since it was temperature sensitive in our assays. The discrepancy between our data and those of Suzuki et al. (1997) could be explained by the fact that our results with the D-20 plasmid were obtained in logarithmically Studies of the TATA-less murine terminal transferase (TdT) promoter revealed that the Inr is a powerful core promoter element that is functionally analogous to the TATA box (Smale, 1997) . Our ®nding that a D-20 minimal cyclin D1 promoter, which contains an Inr and downstream element, exhibits temperature sensitive activity in tsBN462 cells is consistent with the observations of Verrijzer et al. (1995) , who showed that a trimeric TBP-TAF II 250-TAF II 150 complex is required for ecient utilization of the Inr transcription start site and downstream control elements. TFIID has been shown to recognize consensus Inr elements (Smale, 1997) , and CCG1/TAF II 250 is a candidate TFIID subunit for binding Inr element (Oelgeschlager et al., 1996) .
Transcription of cyclin A is also aected by the Gly690Asp mutation in CCG1/TAF II 250, but compared to the eect on cyclin D1 transcription there is a signi®cant lag before decreased cyclin A transcription at 39.58C is observed (Rushton et al., 1997; Sekiguchi et al., 1996; Suzuki et al., 1997) . Moreover, in ts13 cells with an integrated cyclin A reporter gene, no decrease in cyclin A transcription is observed at 39.58C (Rushton et al., 1997) . The eect on the cyclin A transcription may therefore be indirect. However, both the core Inr-containing cyclin A promoter and an upstream element (TSRE), to which ATF/CREB Figure 5 Identi®cation of the minimal cyclin D1 promoter region that exhibits temperature-sensitive promoter activity. (a) Six dishes of tsBN462 cells were transiently transfected with reporter gene constructs carrying various fragments of the entire cyclin D1 promoter (cyc D1), which are shown in the schematic on the right. Three dishes were then transferred to 39.58C and the other three dishes were kept at 33.58C. The cells were collected and were processed for luciferase assays as described in Materials and methods. D-184, D-309 and D-658 were cyclin D1 promoter fragments subcloned in the pOLuci vector (Brasier et al., 1989) . Vector is the pOLuci vector, which generates a low basal level of luciferase activity that is unaected by temperature. Cyc D1 is the original cyclin D1 promoter luciferase reporter plasmid (MuÈ ller et al., 1994) . D-184, D-309 and D-658 were in the pOLuci vector (Brasier et al., 1989) . Nucleotide numbering follows that in the paper by Herber et al., 1994) . (b) Six dishes of tsBN462 and BHK21 cells were transiently transfected with the reporter gene constructs containing various fragments of the cyclin D1 promoter region shown in the ®gure: 3' (D-20) contains residues 720 to +140, SpIn contains residues 7184 to +9 and D-184 contains residues 7184 to +140, of human cyclin D1 promoter. These fragments were subcloned into the pOLuci vector. Vector is the pOLuci vector. Luciferase activities were measured as described in Materials and methods. The ratios of the luciferase activities at 39.58C and 33.58C were measured and plotted. Experiments were done at least twice and representative results are shown family proteins bind, show temperature dependence in ts13 cells (Wang et al., 1997) , and this combination of elements is similar to that in the cyclin D1 promoter, where the eects of the CCG1/TAF II 250 mutation are direct.
It is likely that in addition to the cyclin D1 and cyclin A genes, CCG1/TAF II 250 is involved in the transcription of many other genes either directly or indirectly, because CCG1/TAF II 250 is a component of the TFIID complex and its function is critical for some TATA-less promoters (Moqtaderi et al., 1996) . While cyclin D1 expression is initiated in early G1 phase during cell cycle progression, cyclin A expression begins at late G1 phase. Here we showed that overexpression of cyclin D1 partially rescued cyclin A expression at 39.58C, suggesting that cyclin D1 expression is involved in cyclin A expression, presumably through Rb inactivation by D-type cyclin-Cdk4/6 kinase activities whose expression is controlled by CCG1/TAF II 250. In addition, there is a possibility that CCG1/TAF II 250 functions with Rb in regulating the cyclin D1 promoter, since it was reported that CCG1/TAF II 250 interacts with Rb directly and that the partial abrogation of Rbstimulated Sp1-mediated transcription is observed at the restrictive temperature in ts13 cells (Shao et al., 1995 (Shao et al., , 1997 .
HPV16 E7 binds Rb and inactivates its ability to inhibit E2F-dependent transcription and also binds p21 cip1/waf1/sdi1 and compromises its ability to inhibit cyclin/Cdk kinase activity. As shown in Table 2 , HPV16 E7 mutants unable to bind Rb failed to rescue the cell cycle arrest, implying that tsBN462 cell cycle arrest results from a loss of ability to inactivate Rb function due to D-type cyclin downregulation as a result of the tsBN462 mutation. E7 inactivates Rb function both by displacing proteins whose binding requires Rb pocket function, and also by inducing Rb degradation through direct binding of its C-terminal zinc-binding motif to the S4 subunit of the 26S proteasome (Berezutskaya and Bagchi, 1997; Boyer et al., 1996) . The fact that E2F-1 expression was able to rescue tsBN462 cell DNA synthesis at 39.58C (possibly through induction of cyclin A expression) implies that E7-induced release E2F from Rb is important in the rescue by E7. However, E7-induced Rb degradation may also play a role, since a C-terminal deletion mutant of E7 lacking residues 53 ± 98 failed to rescue the cell cycle arrest even though it can bind Rb (data not shown). E7 is also reported to bind to TBP and modulate its function (Massimi et al., 1996 (Massimi et al., , 1997 , and therefore E7 may aect TFIID function through direct interaction with TBP in addition to its role in inactivating Rb function by protein degradation.
While overexpression of D-type cyclins SV40 T antigen and HPV16 E7 rescued cell cycle arrest, overexpression of these genes did not prevent apoptosis (data not shown). Stable expression of cyclin D1 under Tet regulation also did not rescue the growth of tsBN462 cells at 39.58C, presumably because they undergo apoptosis (data not shown). However, when apoptosis was blocked by expression of adenovirus E1b19K, which is an antiapoptotic protein that acts like Bc12, then expression of HPV16 E7 allowed tsBN462 cells to proliferate at 38.58C (Table  3) . These results suggest that there are other genes under the in¯uence of CCG1/TAF II 250, which are involved in apoptosis in tsBN462 cells at the restrictive temperature of 39.58C that remain to be identi®ed.
Materials and methods

Cell lines and cell culture conditions
The tsBN462 cell line is a ts mutant of the BHK21/13 cell line (Nishimoto et al., 1982) . tsBN462 and BHK21 cells were cultured in Dulbecco's modi®ed Eagle medium (DMEM) containing 10% calf serum, penicillin (100 U/ ml), and streptomycin (100 mg/ml) in a humidi®ed atmosphere of 10% CO 2 ± 90% air. Cells were maintained at Figure 6 A minimal SV40 early promoter does not exhibit temperature-sensitive promoter activity in tsBN462 cells. Six dishes of tsBN462 cells were transiently transfected with reporter gene constructs carrying fragments of the SV40 early promoter, which are shown in the schematic at the right of the graph. TI (NcoI) and SpTI (SphI) were in the pSV2bgal vector. TI (NcoI) contains residues 747 (5171 in pSV2bgal) to +68 (39 in pSV2bgal) and SpTI (SphI) contains residues 7138 (131 in pSV2bgal) to +68 of the SV40 early promoter ± nucleotide numbering as in Tooze (1980) . 5171 is at HindIII site, 39 is at NcoI site and 131 is at SphI site of the pSV2bgal vector. The arrow indicates the position of the EES (early-early start sites) transcription start sites. b-galactosidase activities were measured as described previously (Sekiguchi and Hunter, 1998) . This experiment was normalized for transfection eciency with a cotransfected HSV tk luciferase reporter. The ratios of the b-galactosidase activities at 39.58C and 33.58C were measured and plotted. Experiments were done at least twice and representative results are shown 33.58C as a permissive temperature and where indicated shifted to 39.58C or 38.58C as a nonpermissive temperature. Tetracycline repressible human and mouse cyclin D1 and D3-transfected cells were cultured in DMEM containing 10% CS and tetracycline (1 mg/ml). To induce D-type cyclins, tetracycline containing medium was replaced with DMEM containing 10% serum. Cultures were washed with TD buer (Tris-buered saline containing 136.8 mM NaCl, 5 mM KCl, 0.7 mM Na 2 NPO 4 and 25 mM Tris-HCl, pH 7.4).
FACScan and cell proliferation analysis
The Tet-cyclin D1 and D3, E2F-1 (Kaelin et al., 1992) , SV40 large T antigen, HPV16 E6, E7 (20 mg/dish) and CD20 (2 mg/dish) vectors were transfected into cultures of tsBN462 cells (2610 5 cells per 100-mm diameter dish) by the calcium phosphate precipitation method. The calcium phosphate precipitation method gave a transfection eciency varying from 2 ± 5% of the cells transfected in dierent experiments. Transfected cells were grown for 17 h, washed once with isotonic buer, and then grown for 24 h at 39.58C. For FACScan analysis, cells were collected by PBS containing 0.5 mM EDTA after being washed with PBS. Cells were incubated with 20 ml of anti-CD20 monoclonal antibody (Becton Dickinson, Franklin Lakes, NJ, USA) for 30 min, washed with PBS, ®xed with 70% ethanol for 1 h at 48C, and following treatment with RNase A (1 mg/ml) were stained with propidium iodide (0.1% sodium citrate, propidium iodide, 50 mg/ml). Cells were processed by FACScan (Becton Dickinson). The data were analysed with CELLQuest software (Becton Dickinson), multicycle (Phoenix Flow Systems, San Diego, CA, USA) and ModFit LT (Becton Dickinson). Lipofectamine solution was obtained from Gibco-BRL (Rockville, MD, USA). For cell proliferation assays, tsBN462 cells were transiently transfected with various vectors for 17 h using lipofectamine (Gibco-BRL) as described by supplier. The transfection eciency with lipofectamine was more than 30%. The cyclin D1 antibody (H-295) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The sheep anti-rabbit IgG (anity puri®ed) RPE was obtained from Serotec (UK). Cell proliferation analysis was performed using a cell proliferation kit (Amersham) as recommended by the supplier.
Mutagenesis
For mutation of the Rb binding site in E7, a synthetic oligonucleotide primer (ACAACTGATCTCTACGCT-TATGCGCAATTAAATGACAG) was generated, which changes Cys24 to Ala and Glu26 to Ala. HPV16 E7 in pKF18 was annealed to the primer and was processed with Mutant-Super Express Km in vitro mutagenesis kit as recommended by a supplier (Takara Shuzo, Kyoto, Japan). To generate an N-terminal deletion, synthetic oligonucleotide primers, E7-dc (GGGGACCATGGATGAAATA-GATGGTCCA) and E7c (AAAAGCTTATGGTTTCTG-AGAACA) were used to amplify E7 residues 36 ± 98 deletion using E7 DNA as a template with KOD polymerase (Toyobo, Osaka, Japan). Nucleotide sequences were checked by automated DNA sequencing using an ABI373S sequencer (Perkin-Elmer, Norwalk, CT, USA). Mutant clones of E7 were subcloned into pCDEBD. Synthetic oligonucleotides were obtained from Hokkaido System Science (Sapporo, Japan).
Recombinant DNA and transient transfection
Human cyclin D1 promoter construct was kindly provided by Dr M Strauss (MuÈ ller et al., 1994) . Human cyclin A promoter DNA was kindly provided by Dr T Nikaido (Yamamoto et al., 1994) . The SV40 large-T antigen was carried on pMTIOD (Ariga and Sugano, 1983) . Human cyclin D1 DNA was kindly provided by Dr W Jiang (Salk Institute). Human cyclin D3 and mouse cyclin D1 cDNA were subcloned into the Tet-repressible vector (Gossen and Bujard, 1992) and were cotransfected into tsBN462 cells with tTA vector. HPV16 E6 and E7 were kindly provided by Dr DA Galloway (Fred Hutchinson Cancer Research Center) . To generate the D-658, D-309 and D-184 constructs StyI ± HindIII (7658 to +140), XhoI ± HindIII (7309 to +140) and AocI ± HindIII (7184 to +140) fragments were isolated from pD1Luc (MuÈ ller et al., 1994) , and subcloned into SmaI+HindIII cut pOluci, after appropriate blunt-ending with Klenow (nucleotide numbering according to Herber et al. (1994) Genbank accession no. Z29078). To make the 3' (D-20) and SpIn constructs the required fragments were generated by PCR using pD1Luc and primers to which BamHI and HindIII sites had been added, and then subcloned into BamHI+HindIII cut pOluci.
Recombinant plasmid DNAs were transfected into cultures of the tsBN462 and BHK21 cells (2610 5 cells per 100-mm diameter dish) by the calcium phosphate precipitation method as previously described (Sekiguchi et al., 1991) . Transfected cells were grown at 33.58C for 17 h, washed once with isotonic buer, and then grown either at 33.58C, the permissive temperature, or shifted to 39.58C, the nonpermissive temperature for 24 h. At this time transiently transfected cells were suspended in 40 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA and lysed by freezing and thawing three times. Luciferase activity was measured using a Moonlight 200 luminometer (Analytical Luminescence Laboratory Inc., La Jolla, CA, USA). pSV2bgal, in which the SV40 early promoter drives expression of b-galactosidase, was obtained from Promega (Madison, WI, USA). The ras-bgalactosidase and HSV tk luciferase reporters were kindly provided by Dr R Evans (Salk Institute).
